Objective: To develop a clinical and instrumental protocol to assess the postural and dynamic effects following treatment with botulinum neurotoxin A in children with cerebral palsy affected by spastic equinus. Design: Open study, in which every patient served as his or her own control. Patients: Ten sequential children with cerebral palsy and spastic dynamic equinus foot. Methods: Botulinum neurotoxin A was injected in the gastrocnemius, soleus and tibialis posterior muscles. The main measures were: pedobarometry, dynamic surface electromyography, video gait analysis scale, and the modified Ashworth Scale. Results: After treatment with botulinum neurotoxin A, pedobarometric evaluation revealed a significant change in all parameters, including a decrease in the modified Ashworth Scale and an increase in the range of motion. All children showed significant improvement in initial foot contact, as documented by the video gait analysis scale. The calf muscle electromyography pattern showed a decrease in co-contraction during gait in all children. These modifications were statistically significant for all parameters considered (p < 0.05). Conclusion: This pilot study suggests that dynamic electromyography and pedobarometry are simple to use and provide useful data; this protocol could be preferable in young and uncooperative children in order to monitor rehabilitation treatments.
Submitted November 8, 2005 ; accepted May 17, 2006 Spastic equinus foot is the most common leg deformity in children with cerebral palsy (CP) who are able to ambulate (1) . Several open-label studies have supported the effectiveness of botulinum toxin A (BTX-A) treatment for pes equinus in CP, demonstrating significant clinical and instrumental changes (2) (3) (4) (5) (6) . In reality, patients who do not respond to BTX treatment have also been described, although they are a minority. The possibility to improve quantitative analysis of the therapeutic effects of botulinum toxin is thus an important field of clinical research.
The effectiveness of electromyographic (EMG) analysis of gait as an important method to assist clinicians in the description of abnormal phasic muscle activity in children with CP has been demonstrated in several open studies (7, 8) . The EMG pattern can add valuable information for differential diagnosis between mild diplegic CP and idiopathic toe-walking (9) in children and represents a useful feedback for the effectiveness of BTX-A treatment (5, 10, 11) . Pedobarometry is another helpful clinical tool to investigate the postural effects following BTX-A injection in children with CP and pes equinus. Previous studies have shown that this evaluation can be used in normal adult subjects (12, 13) and in patients affected by rheumatoid arthritis (14) or diabetic foot (15) in order to acquire data under static conditions. In a previous study we demonstrated the effectiveness of pedobarometric evaluation for monitoring the effects of BTX-A injection on postural attitude (16) . The objective of this pilot study was to develop a clinical and instrumental protocol to assess the postural and dynamic effects of treatment with BTX-A in children with CP affected by spastic equinus deformity, using pedobarometry and surface EMG.
METHODS

Participants
We evaluated 10 children (7 boys and 3 girls) with CP who exhibited signs of unilateral spastic equinus; all were community ambulators. Three presented mild impairment of the upper limb consequent to reduced control and none presented spasticity of the thigh or upper limb muscles. The mean age at the time of treatment was 9 years (standard deviation (SD) 2.39), with a range of 6-13 years. Sequential outpatients were recruited from different multidisciplinary clinics for treatment of children with CP, using the following inclusion criteria: ability to ambulate (assisted or unassisted), spastic hemiplegia or monoplegia, spastic equinus, no previous treatment with BTX-A or any anti-spastic drug, no fixed contractures and no previous surgeries of the foot, ankle and/or leg. All patients presented a score of 2 on the Gross Motor Function Scale.
We selected also a control group of 10 healthy children age-matched for speed comparison (mean age 9.2 years, SD 2.14; age range 6-14 years).
Informed consent was obtained from the children's parents before beginning studies. We also received approval from the hospital ethics committee.
Evaluation protocol
At the first visit (T1), comprehensive clinical (ROM = range of motion, presence of clonus, Modified Ashworth Scale, video gait analysis (VGA)) and instrumental (pedobarography, EMG) examinations were performed; in the same session, all children received a BTX-A injection. One month later (T2), patients underwent a new examination with the same procedures used at T1.
Clinical examination
Clinical examination included a single passive range of motion (electronic goniometer) evaluation of the ankle of the affected side, clonus elicited by a rapid ankle dorsiflexion and grade of spasticity (modified Ashworth Scale) of the plantar flexor and invertor muscles. Children were examined by the same physician (MF) at time T1 (before BTX-A injection) and at time T2 (one month after BTX-A injection). One assessment was performed at each visit.
Pedobarometric assessment
Pedobarometric evaluation was performed at the Clinical Hospital GB Rossi of Verona. The pedobarometric equipment used includes a force plate (FAS system 1.0 ACP Light), with an active surface (47.5 × 43.0 cm) equipped with 2544 optical sensors, distributed along the perimetrical border. The pedobarometric static test was performed with children in a standing position with outstretched arms and looking at a fixed point for a period of 14 seconds. Two static tests were sequentially registered for each patient before and after BTX-A injection. The mean value of the 2 evaluations of each quantitative pedobarometric data was considered at times T1 and T2. Quantitative analysis of pedobarometric evaluation included the entire plantar surface area (expressed in cm 2 ), the peak pressure values at the forefoot and hindfoot (expressed in kilopascals), and the distance between the body centre of mass (COM) and the centre of pressure (COP) of each foot (expressed in cm).
Gait analysis
At each visit, video gait was recorded in both coronal and sagittal planes to establish the patient's initial foot contact during the stance phase. Observational gait analysis was performed using VGA scoring, a form of observational gait analysis. On this scale, the physician evaluated the initial foot contact during the stance phase, while patients walked barefoot over a distance of 12 metres. This scale (17) graded each moment of the stance phase as follows: normal heel strike (0); flat foot (1); toe then heel (2), mild toe walking (3); marked toe walking (4) . A change of one grade, in either one or both treated legs, can be considered as clinically significant.
For the measurement of basic gait-cycle parameters, patients walked barefoot along a 10-metre walkway at maximum speed. The time needed for this was measured with a stopwatch, and the numbers of steps were counted. This enabled the calculation of velocity and cadence, and the mean stride length was then determined by dividing the gait velocity by cadence and multiplying it by 2 (18).
Dynamic video electromyography
The EMG signal was recorded using 5 mm electrodes coated with silver chloride. The tibialis anterior and gastrocnemius medialis were used for recording. Two electrodes were placed on each muscle from edge to edge of the electrode collars in the direction of the muscle fibres, midway between the proximal and distal ends of the superficially palpable part of the muscle fibres. The skin was scratched lightly before positioning each electrode, reducing the impedance below 5000 Ohm. The sampling rate was 1024 Hz. The lower limb movements were recorded with a video camera at 60 frames per second, and a voltage pulse synchronizing each frame was recorded with the EMG. We used a video polygraphy EMG system (Micromed System Brainquick, Italy). For all subjects, video-EMG was recorded with children in a static condition and walking barefoot at a freely selected speed. This enabled dynamic EMG agonist/ antagonist muscle activity to be analysed in relation to the stance/swing phase of gait. The EMG data were digitally filtered (band-pass, 30-400 Hz), rectified, averaged over at least 10 strides and time-normalized. The duration and the area of the burst of activation of each muscle were measured on the averaged track.
Botulinum toxin intervention
Clinical and instrumental examination suggested which muscles required treatment. All injections were administered by 2 of the authors (PM, MF) under surface anaesthesia with ethyl chloride spray using standardized injection techniques under sterile conditions. Injection sites were identified using surface anatomy and an EMG guide to be as close as possible to motor endplates. Electrical stimulation then confirmed needle placement. BTX-A (Botox ® , Allergan Inc, Irvine, CA, USA) reconstituted with normal saline at a concentration of 100 U in 2 ml was used for all injections. A Tefloncoated Botox injection needle (37 mm, 27 gauge) was used, allowing electrical stimulation to confirm needle placement. Doses of Botox were administered according to the recommendations by Russman (19): 2-6 U of BTX-A/kg bodyweight for gastrocnemius (medial and lateral) and soleus, 1-2 U of BTX-A/kg bodyweight for tibialis posterior, while the total dose did not exceed 12 U/kg (or 400 U) per visit, and a maximum dose of 50 U (volume 1 ml) per injection site. Once the appropriate muscle was located with electrical stimulation, the needle was aspirated to ensure that the dose of BTX-A was not injected into the vascular compartment. All patients were discharged from the hospital after 30 min of observation. We observed no injection-related complications.
Physiotherapy
At the initial evaluation, all patients had been undergoing physiotherapy for at least 6 months, 5 days a week, in 1-hour sessions consisting of postural control exercises, gait training, passive and active inferior limb kinesis. The same treatment was performed from the first day after BTXA injection until the control visit and lasted 2 hours per day. 
Analysis of results
A descriptive statistical study of the quantitative parameters of mean (M) and SD was performed. The effect of BTX-A injections on all pedobarometric and EMG variables was examined using one-way analysis of variance (ANOVA). To compare variables, a paired sample t-test was also used. A p < 0.05 was considered statistically significant.
RESULTS
Clinical outcome measures
Clinical examination performed before and one month after BTX-A treatment demonstrated a significant reduction in spasticity of plantar flexor and invertor muscles, a decrease in clonus and an increase in the passive dorsiflexion ankle range of motion (pROM) on the treated limb of all patients.
Pedobarometric evaluation
We observed significant differences between the affected (A) and unaffected (UA) lower limb in the static pedobarometric measurements of all children (Fig. 1) .
The main findings of our pedobarometric evaluation were (Table I) :
• an increase in the whole plantar surface area (cm2) on the A side between time T1 and time T2 (43.22 vs 83.13) (p < 0.05);
• a significant increase in the peak pressure value (Kpa) on the hindfoot of the A side between time T1 and T2 (25.59 vs 104.58, p < 0.05);
• a significant shift of the body COM to the A side between time T1 and time T2, with a significant decrease of the distance (cm) between the body COM and the COP of the affected foot (12.25 vs 6.58, p < 0.05).
Furthermore, a significant decrease in the peak pressure value at the hindfoot was described on the UA side (108.9 vs 100.12, p < 0.05).
Video gait analysis
A significant improvement was observed in initial foot contact at 4 weeks (3.5 vs 1.5, p < 0.05) following administration of BTX-A in 8 children (Table II) . However, significant increases in walking speed (metres/second) were not observed in all children (0.682 vs 0.672, p < 0.05); nonetheless, the speed of this group was not significantly different from a control group of 10 healthy children pair-aged (0.672 vs 0.704, p > 0.05).
Dynamic electromyographic parameters
The calf muscle EMG pattern was improved by treatment in all children at time T2 (Figs. 2 and 3) . The co-contraction of plantar flexor and dorsiflexor muscles of these children decreased significantly during the midstance of gait. The area (μV•ms) of EMG bursts of these 2 muscles decreased significantly (gastrocnemius medialis: 46563.2 vs 6747.6, p < 0.05; tibialis anterior: 22293.2 vs 9387.6, p < 0.05). The duration of these bursts of activation decreased significantly after the treatment: 792.7 vs 589.9 ms (p < 0.05) for the medial head of gastrocnemius muscle and 656.0 vs 467.9 ms (p < 0.05) for the tibialis anterior (Table III) .
DISCUSSION
The main finding of this study is that a decrease of hypertonia in foot flexor and invertor muscles on the treated limb can change the postural attitude and body stability of children with CP during standing and also modifies the gait disorder, as revealed by both pedobarometry and dynamic EMG. These tools are sensitive and useful for objective quantification of the clinical changes following treatment. This study confirms the efficacy of our protocol in evaluating the effects of BTX-A injection in treatment of children with CP and equinus.
Clinical data support the effectiveness of BTX-A injections for the treatment of CP considering the entity of impairment and functional limitation activity, as documented by several controlled studies (10, 11, (20) (21) (22) . This improvement was clearly due to the pharmacological treatment (that is amplified by kinesis) and not just to physiotherapy, since 6 months of intensive kinesis did not lead to significant clinical changes in these patients. Reduction in muscle tone and gait improvement were evaluated by clinical scales and visual observation: we noted the utility of the Ashworth scale, the ROM evaluation and VGA score as tools to quantify clinical changes in children with CP treated with BTX-A. The modified Ashworth scale (MAS) was used because, even though it is not validated for ankle movement in children with CP, it seemed to be able to assess intra-subject changes.
Reducing the hypertonous of the plantar flexor and invertor muscles, we observed an increase in the entire plantar surface area on the affected side that was not observed on the UA side and a global improvement in all pedobarometric parameters. 
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These significant changes show that such a tool can be used to indirectly measure increases in body stability and modifications of postural attitude in children; parameters that cannot be assessed appropriately in dynamic conditions. While patients were able to achieve better stability, there was no change in walking speed. While the former is an important safety issue in adults, it can be translated into a better basis for maintaining ambulation into later life in children with CP.
We believe that evaluation of functional outcome following BTX-A treatment in CP cannot exclude the investigation of postural changes in static conditions, since dynamic evaluation cannot reveal these clinical features. One of the main aims of the present study was to standardize static pedobarometric evaluation in children with CP, using the same procedure as proposed in adults (12) . Furthermore, using this approach we avoided the training effect by performing 2 single trials for each child during each evaluation. We did not perform more than 2 trials. In addition, visual feedback was avoided in all patients who were obliged to look at a fixed point and not at the video.
In children with CP and equinovarus foot deformity, dynamic EMG recordings showed that the leg muscle activation pattern is altered during gait. Plantarflexors often co-activate with overpowering of the tibialis posterior and gastrocnemius during the swing phase, producing initial ground contact with the toe, rather than the heel (23) . This data has been described as a consequence of an abnormal velocity-dependent EMG recruitment during muscle stretch (spastic component) and of a nonselective activation of agonist-antagonist muscles with loss of the normal reciprocal inhibitory pattern (co-contraction component) (24) . The findings of our dynamic EMG analysis showed a decrease in the co-contraction pattern of the anterior tibial and triceps surae muscles during the swing of gait in all children. The improvement of muscular pattern is difficult to explain simply by an effect of BTX-A at the neuromuscular junction. Several studies have described possible mechanisms to explain the functional effect of BTX-A in treatment of lower limb hypertonous in children with CP. Therefore, the improvement in reciprocal inhibition following BTX-A injection could explain a decrease in the duration of co-activation of lower limb agonist-antagonist muscles, thereby improving the quality of gait in these children (11) , but also the improvement in biomechanics of initial contact can be effective in changing the pattern (25) . Speed, as documented by some authors, can also influence the EMG pattern; this was not the case since gait velocity did not change in a homogeneous manner, while muscular activation improved in all patients.
In routine clinical practice, such an investigational method (pedobarometry and EMG) that is easy and quick to carry out may be useful when children are either too young or are too uncooperative for instrumented gait analysis (26) . Importantly, the capability objectively to assess the effect of a treatment is particularly relevant especially when the given treatment is invasive like BTX-A, and when the expected improvement is not so clinically evident.
In conclusion, this pilot study suggests that the effect of BTX-A treatment of dynamic equinus foot deformity in children with CP can be monitored with dynamic EMG and pedobarometry in order to collect more objective data that integrate and complete clinical evidence. Nonetheless, further studies are needed to confirm these preliminary results collected on a small population and without a control group for most parameters, in order to extend the use of this clinical and instrumental pproach to different groups of children with CP. 
